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Abstract: The geminal frustrated Lewis pair (FsC,);SnCH,-
P(tBu), (1) reacted with N-sulfinylaniline PhNSO to afford the
first sulfur monoxide adduct of a main group metal,
(F5C,);SnCH,P(tBu),, SO (2), which contains a SnCPSO
ring. The second product is a phenylnitrene adduct of 1. The
surprising stability of 2 was compared with the stabilities of the
so far inaccessible O, and S, adducts of 1. Attempts to prepare
these from 1 and the elemental chalcogens (O,, S, Se., Te.,)
led to four-membered SnCPE ring systems. Quantum-chem-
ical investigations of 2 demonstrate the bond polarity of the SO
unit to stabilize 2.

The chemistry of sulfur(IT)oxide, SO, is currently experienc-
ing a renaissance. SO itself is highly unstable in higher
concentrations and in the condensed phase, but observed as
component of the dilute atmospheres of celestial bodies in
outer space. It is perfectly stable as an isolated molecule,
provided it does not interfere with reactive partners. The
spectroscopic properties of SO and some of its excited states
have been studied in detail by high-resolution spectroscopy.

For a long period of time, the chemistry of SO was
explored mainly as a complex ligand in transition metal
chemistry.! The SO ligand was often generated from thionyl
chloride by reduction in the coordination sphere of the metal
atom. Complexes with terminal S-bound sulfur monoxide are
known®! as well as with a bridging ligand between two metal
atoms (e.g. [Cp(CO),Mn],SOM).

Only recently, methods were developed to transfer SO
from nitrogen-bound forms, in particular sulfinylimine-type
compounds.®’! Cummins et al. found a way of SO transfer
from an anthracene-based N-sulfinylhydrazine onto 3,5-di-
tert-butyl-1,2-benzoquinone and 2,3-dimethyl-1,3-butadiene
at elevated temperature.””! This was preceded by work of
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Stephan et al., who observed adduct formation between the
readily available N-sulfinyl-p-toluidine, p-ToINSO, and the
frustrated Lewis pairs (FLPs) P(rBu)y/B(C¢Fs); and [(Mes),P-
(CH,),B(C¢Fs),]; the adducts contain P-N(p-Tol)-S-O-B
units. They demonstrated the adduct [(Mes),P(CH,),B-
(C¢F5),]-p-ToINSO to be able to transfer an SO unit to the
rhodium complex [RhCI(PPh;);] and to a N-heterocyclic
carbene.”

The binding of complete N-sulfinylamine units to a FLP
was earlier demonstrated by Erker et al., who generated an
adduct with an intramolecular Zr*/P FLP system, whereby
the still intact PhNSO unit binds to P with N and to Zr side-on
with an S-O unit.®

Despite these activities in SO chemistry, the trapping of
a complete S-O unit by a main group metal system has not
been achieved so far, but occurred when we reacted our
recently reported Sn/P FLP (FsC,);SnCH,P(tBu), (1) with N-
sulfinylaniline PhNSO.”! FLP 1 is the heaviest congener of
a series of tetrel-based FLP systems (FsC,);ECH,P(:Bu),
(E=Si, Ge, Sn (1)), with large differences in their reactiv-
ity.”1 Due to its relatively soft Lewis acid binding site, the
Sn/P FLP 1 is, for instance, capable of reversibly binding
CO,.”! Tts affinity towards oxygen atoms is obviously less
pronounced than in systems with much harder acid sites like
those based on boron, aluminum, or silicon. It was thus of
interest whether a soft-acid FLP binds or cleaves a substrate
differently than a hard-acid FLP.

The reaction of 1 with N-sulfinylaniline does not result in
addition of the whole PhNSO unit, but in the formation of an
SO adduct to FLP 1 (Scheme 1). Adduct 2 represents, to the
best of our knowledge, the first example of an SO complex to
an FLP and to a main group metal, here tin. '"H and >C NMR
spectroscopic investigations of product 2 proved the absence
of signals of a phenyl group and the '"H NMR spectrum shows
a characteristic doublet (3/p;; =6 Hz) for the CH, protons of
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Scheme 1. Reaction of FLP 1 with PhNSO.
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an adduct at 1.11 ppm. The molecular structure of adduct 2
obtained by X-ray diffraction analysis (Figure 1) exhibits
a five-membered SnCPSO heterocycle and the formation of
an unusual SO adduct under loss of the N-Ph unit.

Adduct 2 crystallizes with four slightly different molecules
in the asymmetric unit. They define a range of structural
parameters that are possible for this molecule (for more
details see the Supporting Information). The considerably
strong distortion of the different coordination spheres of the
tin atoms is described by g, parameters in the range between
0.38 and 0.78 (Table 1). These are calculated by subtracting
the two largest bond angles at Sn and dividing the result by
60°. 7, parameters close to 1 indicate a trigonal-bipyramidal
coordination sphere, while those close to 0 indicate a square-
pyramidal one.!'"

The S—O bond lengths in 2 between 1.604(5) and
1.615(4) A are unusually long: more than 0.1 A longer than
in gaseous SO (r, = 1.481(1) A, determined by high-resolution
IR spectroscopy),’? gaseous SO, (r, =1.430793(4) A deter-
mined by gas electron diffraction), and also longer than the
endocyclic S—O bond in the corresponding adduct 1-SO,
(1.524(1) A).”) The latter correlates with significantly shorter
Sn—O (2.122(4)-2.131(4) A) and P-S (2.082(2)-2.089(2) A)
bonds in 2 compared to 1-SO, at 2.239(1) and 2.331(1) A,
respectively.l”

Figure 1. Molecular structure of one conformer of compound 2 in the
solid state. Ellipsoids are set at 50% probability; hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: S(1)-P(1)
2.084(2), S(1)-0(1) 1.615(4), P(1)-C(1) 1.787(5), P(1)-C(8) 1.855(5),
P(1)-C(12) 1. 853( ), Sn(1)-C(1) 2.183(5), Sn(1)-C(2) 2.297(5), Sn(1)-
C(4) 2.227(5), Sn(1)-C(7) 2.231(5); P(1)-C(1)-Sn(1) 113.9(2), C(1)-
P(1)-S(1) 104.2(2), O(1)-S(1)-P(1) 101.2(1), S(1)-0(1)-Sn(1) 116.4(2),
O(1)-Sn(1)-C(2) 176.2(2), O(1)-Sn(1)-C(4) 83.5(2), O(1)-Sn(1)-C(7)
91.6(2), O(1)-Sn(1)-C(1) 86.6(2).

Table 1: Selected NMR and structural parameters of compounds 2-9.

o(C'P) O("Sn)  Ysap £ (Sn-C-P) Ts,
pml®  [ppm]¥  [HZ¥ [
2 780 ~2652 68 113.9(2)-114.9(2)  0.38-0.78
3 784 ~3155 - 93.9(1) 0.46
4 790 ~3350 141 103.0(2) 0.50/0.17
7 730 3804 128 - -
8 436 _4821 83 - -
9 563 ~3307 M7 97.6 0.55

[a] In C¢Dg at ambient temperature. [b] Calculated according to Addison
etal.l
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In this respect, the S—O bond in 2 compares better with
the long S—O bonds in the rarely described sulfenic acid esters
(RSOR’); an example is o-nitrobenzenesulfenate with an S—
O bond length of 1.65 A.I"¥ Sulfenic acid esters are much less
stable than their sulfoxide isomers (RR’'S = O); the existence
of 2 in this Sn-O-S-P bonded form rather than the sulfoxide
form SnS(=O)P is thus neither self-evident nor easy to
predict. It becomes apparent that SO experiences a much
stronger change in bonding than SO,, when it is incorporated
into an adduct to FLP 1.

In line with the partial charge distribution **S=0°" in
sulfur monoxide, its negative end binds to the Lewis acid and
its positive to the Lewis base. One could have speculated that
a reversed orientation would be favored, because the
relatively soft binding site (according to HSAB)! of the
acid function, the tin atom, could prefer to bind to sulfur
instead of oxygen.

SO adduct 2 is a stable and storable substance. Expected
signs of instability would be, for instance, the extrusion of Sq
with formation of an oxygen adduct 1-O (3). The question
arose whether related adducts of homodichalcogens 1-O, (5)
and 1-S, (6) would be feasible synthetic targets and whether
they would be as stable as the adduct of the heterodichalc-
ogen SO. While reactions of FLP systems with the heavier
chalcogens S, Se, and Te have been comparatively well
studied,™ those with gaseous O, are limited to a few
examples.!'"!

Uhl et al. used a geminal Al/P FLP system and observed
the formation of four-membered AICPE (E=S, Se, Te)
heterocycles; the corresponding Se and Te derivatives form
dimers in the solid state due to closed-shell chalcogen—
chalcogen interactions.'**®! Driess et al. attempted to realize
an O, adduct with SiOOB subunit by reacting a xanthendiyl-
based B/Si"! FLP with dioxygen,"®! but instead obtained
a monooxygenated species bearing a Si=O--B-type interac-
tion, as was also observed for the reactions with CO,, N,O,
and H,0." Bourissou et al. reacted an o-phenylene-bridged
B/P FLP with singlet O,, after observing no reaction with
triplet O,, and found an adduct of P-O-B-OR-type (R = Mes,
Pin) and speculated about an intermediate O-O-bridge-type
adduct.!"*"!

The exposure of a n-hexane solution of 1 to O, results in
the immediate precipitation of a colorless solid, the mono-
oxygen adduct 1-O (3) (Scheme 2). Single-crystal X-ray
diffraction (Figure 2) reveals 3 to contain a four-membered
SnCPO heterocycle. It has a significantly narrower Sn(1)-
C(7)-P(1) angle of 93.9(1)°, compared to adduct 2. Compared
to the monooxygenated homologous Si and Ge derivatives,
obtained by reacting the corresponding Si and Ge FLPs with
NO, the structure of 3 resembles the closed ring structure of

€] ®
F5C5)3SnCHLP(tBu F5C5)3Sn P(tBu
(F5C2)3 2P(tBu)2 E-120, (F5C2)3 \/( )2
1 1/8 Sg,
Se, Te 0:3,S:4,
Se:7,Te: 8

Scheme 2. Reaction of FLP 1 with elemental chalcogens.
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Figure 2. Molecular structure of compound 3 in the solid state.
Ellipsoids are set at 50% probability; hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: P(1)-C(7) 1.807(2),
P(1)-C(8) 1.842(2), P(1)-O(1) 1.532(2), Sn(1)-0(1) 2.329(2), Sn(1)-C(1)
2.218(2), Sn(1)-C(5) 2.275(2), Sn(1)-C(7) 2.184(2); P(1)-C(7)-Sn(1)
93.9(1), C(7)-P(1)-C(8) 108.4(1), P(1)-O(1)-Sn(1) 96.4(1), O(1)-Sn(1)-
C(1) 90.1(1), O(1)-Sn(1)-C(5) 164.0(1), O(1)-Sn(1)-C(7) 69.3(1).

the Si/P FLP monooxygen adduct rather than the open-chain
structure of the Ge/P FLP monooxygen adduct."®! The P—O
and Sn—O bond lengths of 3 are 1.532(1) and 2.329(1) A,
respectively. A tg, parameter of 0.46 indicates a clearly
distorted square-pyramidal coordination at the tin atom.
Similar to the oxygen product 3 and results of Uhl
et al. " the reaction of 1 with the heavier chalcogens led to
the formation of the respective four-membered SnCPE (E =
S, Se, Te) heterocycles (Scheme 2). The molecular structure of
the monosulfur adduct 1-S (4) was determined by X-ray
diffraction (Figure 3) with all C,F5 groups disordered at two
positions with a ratio of 64:36, while a stronger disorder of the
adducts 1-Se (7) and 1-Te (8), prevented their reasonable
structural elucidation. Compared to the adduct 1-O (3), the
Sn(1)-C(7)-P(1) angle in 4 at 103.0(2)° is clearly wider and the
Sn(1)-E(1)-P(1) angle (E=S: 80.7(1)°; E=0: 96.4(1)°) is

Figure 3. Molecular structure of compound 4 in the solid state.
Ellipsoids are set at 30% probability; hydrogen atoms and minor
occupied disordered C,F; groups are omitted for clarity. Selected bond
lengths [A] and angles [°]: P(1)-C(7) 1.801(5), P(1)-C(8) 1 344( ), P(1)-
$(1) 2.010(2), Sn(1)-5(1) 2.735(2), Sn(1)-C(T) 2.244(11), Sn(1)-C(3)
2.275(12), Sn(1)-C(7) 2.176(6); P(1)-C(7)-Sn(1) 103.0(2), C(7)-P(1)-
C(8) 108.0(3), P(1)-5(1)-Sn(1) 80.7(1), S(1)-Sn(1)-C(1) 87.0(3), S(1)-

)-S
S(1
Sn(1)-C(3) 163.8(3), S(1)-Sn(1)- ( ) 73.6(1).
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significantly narrower. This correlates with inherently longer
P(1)-S(1) and Sn(1)-S(1) bonds of 2.010(2) and 2.735(2) A,
respectively.

The corresponding chalcogen adduct formation can also
be verified in all NMR spectra according to certain trends
(Table 1). Most affected are the protons and carbon atom of
the CH, unit as well as the tin and phosphorus nuclei. While
the '"H NMR signal of the methylene protons is shifted to
lower field for heavier chalcogens, a high-field shift of the *'P
and ""Sn NMR resonances is observed along the same series
(Table 1).

To answer the question why the formation of an S-O
bridge is preferred and the product stable, while the reactions
of 1 with O, give no corresponding O-O bridge or reactions
with Sg, no S-S bridge (or a longer S, bridge), we performed
quantum-chemical calculations at the PBE0-D3/def2TZVPP
level of theory (for details see the Supporting Information).
Scheme 3 shows several calculated molar free reaction
enthalpies for adduct formations and interconversion of the
adducts. They show that the formations of all isolated adducts
2-4 and the conceivable adducts 1-O, (5) and 1-S, (6) are
exergonic processes. Formation of 3 is the most exergonic
(AG = —289 kJmol™), followed by the incorporation of *SO
and *0, with —145 and —122 kJmol™', respectively. Adduct
formations with elemental sulfur leading to 1-S (4) and 1-S, (6)
are the energetically least favored processes with —109 and
—59 kJmol ™!, respectievely. It is not excluded that the species
1-0, (5) and 1-S, (6) represent intermediates in the formation
of the isolated adducts 3 and 4. However, the case of the SO
adduct 2 is surprising: it is thermodynamically stable towards
extrusion of O,, but not towards loss of sulfur.

The effect of polarity in the S—O bond in 2 relative to the
nonpolar bonds in 5 and 6 becomes apparent when one
calculates the situation-specific covalent radii from the
homonuclear bonds and uses them to predict the S—O bond
length at 1.747 A. This is 0.16 A longer than the DFT-
predicted S—O bond length for 2 (1.588 A, compare XRD:
1.604(5)-1.615(4) A), indicating a highly stabilizing effect due
to bond polarity. NPA charge calculations suggest that both
oxygen and sulfur atoms in the homodichalcogen adducts §

122 28 / 00
N

:Sg
59

350|145
%20, %Sg | %°0, %Sg
+167 +132 —48 +50
AN AN
_sn P _sn pl
7 5-6> 7 5=
5 6

Scheme 3. Quantum-chemically calculated reactions of FLP 1 with
dichalcogens and some interconversions along with their free enthal-
pies (in k) mol™"). The substituents at Sn and P are omitted for
simplicity. The compounds in boxes were so far experimentally
observed.
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and 6 carry negative charges, whereas in the SO adduct 2 the
oxygen atom is negatively and the sulfur atom positively
charged. The bond critical point (BCP) between the tin and
oxygen atoms in adduct 2 is characterized by a low charge
density and a negative Laplacian, indicating a donor—acceptor
interaction between the electrophilic tin and the nucleophilic
oxygen atom (Figure 4). In contrast, characteristics of a cova-
lent and polarized bond are found for the P—S and S—O bonds,
respectively (more details see the Supporting Information).

In the adducts 5 and 6, however, the homoatomic
dichalcogen bonds O—O and S—S are characterized as
shared and covalent bonds, respectively. This is exemplified
by kinetic energy density ratios of 0.77 and 0.39 for 5§ and 6,
respectively. For all cases, the QTAIM analysis suggests
a nonovalent donor—acceptor interaction for interactions
between Sn and O/S. Therefore, according to NPA charge
calculations and QTAIM analysis, the stability of adduct 2 can
qualitatively be explained by the polarity and strength of the
S—O bond, which is induced by the electron-withdrawing
character of the Lewis acidic tin atom.

The second product of the reaction of 1 with PhANSO could
be identified in the better soluble part of the reaction mixture
(Scheme 1). Besides traces of PANSO and adduct 2, a second
adduct-type species 9 was found. Its *P NMR resonance at
56.3 ppm is slightly high-field shifted compared to SO adduct
2 (6(*'P) =78.0 ppm, Table 1). Signals of a phenyl group in the
"H NMR spectrum between 6.80 and 7.19 ppm suggest that 9
contains the Ph-N part of PhNSO. Structure determination by
single-crystal X-ray diffraction showed 9 to be a 1,1-adduct of
phenylnitrene, Ph-N, to 1. Its molecular structure (Figure 5)
reveals a four-membered SnCPN heterocycle with a Sn(1)-
C(7)-P(1) angle of 97.6(2)°, similar to those of the four-
membered heterocycles in 3 and 4. The opposing Sn(1)-N(1)-
P(1) angle has a similar value, 96.7(1)°, and the sum of angles
at N(1) of 359.9(5)° proves its planar coordination. The g,
parameter of 0.55 implies a strongly distorted trigonal-
bipyramidal coordinate tin atom (Table 1).

In essence we have found a way to transfer the intact
sulfur monoxide (SO) unit of N-sulfinylaniline to a tin/
phosphorus FLP, leaving a nitrene-FLP adduct as a second
product. This first main group metal adduct of SO is
surprisingly stable, whereas other dichalcogen adducts like
1-0, (5) and 1-S, (6) are yet inaccessible and reactions of

-

Figure 4. Calculated Laplacian plot of 2. The BCPs are displayed in
green. The curvatures indicate a donor—acceptor interaction between
O and Sn. The BCP between O and S indicates a polar bond.
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Figure 5. Molecular structure of compound 9 in the solid state.
Ellipsoids are set at 50% probability; hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: P(1)-C(7) 1.798(3),
P(1)-C(8) 1.881(3), P(1)-N(1) 1.644(3), Sn(1)-N(1) 2.312(3), Sn(1)-C(1)
2.263(4), Sn(1)-C(5) 2.297(4), Sn(1)-C(7) 2.163(3), C(16)-N(1) 1.407-
(4); P(1)-C(7)-Sn(1) 97.6(2), C(7)-P(1)-N(1) 95.9(2), P(1)-N(1)-C(16)
1317() P(1)-N(1)-5n(1) 96.7(1), Sn(1)-N(1)-C(16) 131.5(2), ()
Sn(1)-C(1) 91.9(1), N(1)-Sn(1)-C(5) 166.8(1), N(1)-Sn(1)-C(7) 69.6(1).

1 with the elemental chalcogens lead to the monochalcogen
adducts. The relative stability of 2 is primarily attributed to
the SO units’ polarity, as quantum-chemical calculations
show. These results encourage us in future work to further
investigate the capability of FLP 1 to capture and transfer
reactive or transient species.
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